ABSTRACT We investigate miscibility transitions of two different ternary lipid mixtures, DOPC/DPPC/Chol and POPC/PSM/ Chol. In vesicles, both of these mixtures of an unsaturated lipid, a saturated lipid, and cholesterol form micron-scale domains of immiscible liquid phases for only a limited range of compositions. In contrast, in monolayers, both of these mixtures produce two distinct regions of immiscible liquid phases that span all compositions studied, the a-region at low cholesterol and the b-region at high cholesterol. In other words, we find only limited overlap in miscibility phase behavior of monolayers and bilayers for the lipids studied. For vesicles at 25°C, the miscibility phase boundary spans portions of both the monolayer a-region and b-region. Within the monolayer b-region, domains persist to high pressures, yet within the a-region, miscibility phase transition pressures always fall below 15 mN/m, far below the bilayer equivalent pressure of 32 mN/m. Approximately equivalent phase behavior is observed for monolayers of DOPC/DPPC/Chol and for monolayers of POPC/PSM/Chol. As expected, pressure-area isotherms of our ternary lipid mixtures yield smaller molecular area and compressibility for monolayers containing more saturated acyl chains and cholesterol. All monolayer experiments were conducted under argon. We show that exposure of unsaturated lipids to air causes monolayer surface pressures to decrease rapidly and miscibility transition pressures to increase rapidly.
INTRODUCTION
When incorporated into giant unilamellar vesicles (GUVs), ternary mixtures of saturated phospholipids, unsaturated phospholipids, and cholesterol produce micron-scale liquid domains (Bagatolli, 2003; Dietrich et al., 2001; Veatch and Keller, 2002) . The coexisting liquids have a rich phase behavior and the vesicles can undergo budding (Baumgart et al., 2003; Veatch and Keller, 2003) . Aside from their physical properties, these systems are particularly interesting because the observed liquid domains may be good models for raft domains in cell membranes. Raft domains are thought to be important in cellular processes such as membrane trafficking and signaling (Simons and Ikonen, 1997) . Within rafts, sphingomyelin lipids with long acyl chains and little unsaturation are thought to interact with cholesterol, packing tightly into a liquid-ordered (L o ) phase (London and Brown, 2000; Simons and Harder, 1997) .
One method of assessing lateral packing is to study mixtures of lipids and cholesterol in a monolayer at an airwater interface. Monolayers containing sphingomyelin lipids have lower molecular area and compressibility than monolayers containing phosphatidylcholine lipids (Smaby et al., 1996) . In some cases, a sharp minimum in molecular area is observed at a particular stoichiometry of lipid and cholesterol (Radhakrishnan and McConnell, 1999) . Monolayers are also useful as units to be assembled into supported membranes containing domains (Dietrich et al., 2001) . For example, supported membranes have been used to study protein binding to raft domains (Khan et al., 2003) and diffusion coefficients of lipids in liquid domains (Crane and Tamm, 2004; Dietrich et al., 2001) . The assembly of lipid monolayers of different compositions to form each leaflet of a supported bilayer is particularly interesting because cell membranes are highly asymmetric. We have previously shown that each deposited monolayer in a supported bilayer retains the micron-scale domains from the original monolayer at the air-water interface (Stottrup et al., 2004) .
To form a supported bilayer, monolayers are usually deposited at a surface pressure of 32 mN/m, at which lipids in a monolayer are thought to have a molecular area equivalent to lipids in a cell membrane. This value is derived from measurements of phospholipase activity in red blood cells and lipid monolayers (Demel et al., 1975) , and is supported by calculations (Marsh, 1996) . Other theoretical work implies that an equivalent pressure should be higher, near 50 mN/m (Feng, 1999; Nagel, 1986) , which is higher than the collapse pressure of some monolayers. The appropriate value may change with lipids of the system, and a more relevant parameter to consider may be molecular density. Nevertheless, in studies of coexisting liquid phases, supported monolayers are nearly always deposited near 32 mN/m (e.g., Crane and Tamm, 2004; Dietrich et al., 2001 ). This leads us to the question of whether lipid phase behavior in vesicles and monolayers is equivalent under these conditions. The general question of how to quantitatively compare monolayer and bilayer results is a longstanding and venerable problem (de Kruyff et al., 1973; Phillips, 1972) .
Here we present monolayer phase diagrams for two different ternary mixtures of lipids and cholesterol, and compare them to phase diagrams of the same lipids in giant unilamellar vesicles. We then evaluate the monolayer pressure-area isotherms, and comment on the effects of oxidation in monolayers. One of our ternary mixtures contains the saturated lipid di(16:0) phosphatidylcholine (DPPC), the unsaturated lipid di(18:1) phosphatidylcholine (DOPC), and cholesterol. We have extensively studied the miscibility phase behavior of this mixture in vesicles (Veatch and Keller, 2003; Veatch et al., 2004) . The second mixture contains palmitoyl sphingomyelin (PSM), 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC), and cholesterol, and is thought to be more representative of lipids found in cell membranes (Smaby et al., 1996) .
MATERIALS AND METHODS

Lipid monolayers
All phospholipids and cholesterol (Chol) were obtained from Avanti Polar Lipids (Alabaster, AL), which estimates purity at .99%, with the exception of palmitoyl sphingomyelin (PSM) from Sigma (St. Louis, MO), which estimates purity at 97-99%. The PSM used here is a racemic mixture of D-erythro and L-erythro forms. Racemic 16:0 sphingomyelin (SM) has a slightly lower gel transition, 39.9°C, than naturally occurring D-erytho-N-16:0-SM, 41.1°C (Ramstedt and Slotte, 1999) . Giant vesicles of unpurified stock PSM exhibit an extended gel-liquid coexistence region, from 41°C to 51°C (Sarah Veatch, personal communication) . Lipids were mixed at 10 mg/ml in chloroform and used without further purification; stock solutions were stored below ÿ20°C. The fluorescent probe Texas red dipalmitoylphosphatidylethanolamine (TR-DPPE, Molecular Probes, Eugene, OR) was used at 0.5 mol % to provide contrast between immiscible lipid phases. Varying TR-DPPE concentration from 0.2% to 2% does not affect monolayer transition pressures. Monolayers were assembled on a subphase of purified water of resistivity .18 MV cm (Barnstead, Dubuque, IA).
Surface pressures of lipid monolayers at an air-water interface were measured using a home-built Langmuir trough with a Wilhelmy plate (Riegler & Kirstein, Berlin, Germany) . Lipid monolayers were imaged using a Nikon Y-FL microscope (Melville, NY) and a Photometrics Coolsnap FX charge-coupled device camera (Roper, Princeton, NJ). Pressure-area isotherms for monolayers were obtained using a home-built Langmuir trough and Wilhelmy plate (Baneyx and Vogel, 1999; Halter et al., 2004) calibrated using arachidic acid. Isotherm data was taken 4-10 min after deposition of lipids at the air-water interface.
To prevent oxidation of monolayer lipids, Langmuir troughs were used inside an argon-filled glove bag. Argon was flushed through the bag before lipid deposition and a positive pressure was maintained throughout the experiment. For isotherms, new ampules of the unsaturated lipid, DOPC, or POPC, were opened daily and lipids were mixed in a glove bag filled with nitrogen. Samples were prepared immediately before (;2 h) use for monolayer experiments. Experiments were conducted at room temperature (25 6 2°C).
Identifying two-phase regions
At low surface pressures, monolayers containing 1:1 DOPC/DPPC and cholesterol separate into two distinct regions of liquid phases, called the a-region at low cholesterol and the b-region at high cholesterol (Veatch and Keller, 2002) . Using fluorescence microscopy, the a-region is easy to identify. As the surface pressure is lowered, a uniform monolayer abruptly demixes into two coexisting liquid phases. The error in determining transition pressures for the a-region is typically 60.5 mN/m.
Miscibility transition pressures in the b-region and the transition from the a-region to the b-region are not as easily identified. Monolayers in the b-region usually fulfill more than one of the following criteria:
1. Domains in the b-region persist at surface pressures much greater than in the a-region. At high pressures these domains are sparse.
2. At high pressures, the contrast often inverts from bright domains on a dark background to the opposite (Okonogi and McConnell, 2004) . 3. As the surface pressure is lowered below ;5-15 mN/m, the sparse, bright domains are suddenly joined by uniformly dispersed small bright domains.
Monolayers were investigated from 15 to 70 mol % cholesterol. At both low and high cholesterol concentrations, domains become small and difficult to image. At very low cholesterol fractions, coexisting solid and liquid phases are expected (Crane and Tamm, 2004) . At high cholesterol fractions in vesicle suspensions, cholesterol crystals form in solution (Huang et al., 1999) .
Isotherm analysis
Isotherm data from 1 to 35 mN/m were fit to polynomials. This fit was used to calculate both molecular area and compressibility. Errors contain a component due to the systematic instrument precision, and a component due to volume measurement of lipid solutions. The Langmuir trough itself, with no lipids, measures molecular area with a standard deviation of 0.6 Å 2 . At least once daily we calibrated our isotherms against arachidic acid, for which the liftoff area varied by 6;1.5 Å 2 . Monolayer compressibility, C, for each lipid composition was calculated from isotherms using C ¼ (ÿ1/A)(dA/dP) where A is the average area per lipid and P is the monolayer surface pressure. C ÿ1 is the inverse compressibility.
RESULTS
Miscibility phase diagrams
We searched for immiscible liquid phases in monolayers of two different ternary lipid mixtures. Both mixtures contain a saturated lipid (DPPC or PSM), an unsaturated lipid (DOPC or POPC), and cholesterol. Both ternary mixtures produce two distinct regions of immiscible liquid phases, the a-region at low cholesterol and the b-region at high cholesterol. Typical fluorescence micrographs are shown in Fig. 1 . Within the a-region, more dark phase is observed as the fraction of cholesterol increases, implying that our dye partitions away from the cholesterol-rich phase. Within the b-region, bright domains are sparsely distributed throughout in the monolayer and often persist to surface pressures well above 15 mN/m. Monolayer miscibility phase boundaries for the two ternary lipid mixtures are shown in Fig. 2 . For the cholesterol compositions explored (;15-70 mol %), two coexisting liquid phases are always observed, in both the a-region (solid circles), and the b-region (open circles). The colored surface is an interpolated fit of the miscibility transition pressures measured for the filled points in the a-region. Transition pressures are highest near equal ratios of the two phospholipids, consistent with observations in other ternary lipid systems (Keller et al., 2000) . Within the a-region, there is little systematic dependence of surface pressure on cholesterol fraction. For our ternary mixtures, miscibility transition pressures in the a-region are always below 15 mN/m, far below 32 mN/m.
Within the a-region, dark domains on a bright background are observed in our ternary mixtures at cholesterol fractions below the dotted black line in Fig. 3 . Along the dotted line, domain striping occurs near the miscibility transition, which implies that the system is near a critical point (Keller and McConnell, 1999) . At cholesterol fractions above the dotted line, contrast reverses to bright domains on a dark background. The dotted line tilts such that more dark phase is observed as the fraction of DPPC increases. In other words with more DPPC, dark backgrounds are observed at smaller cholesterol fractions. The transition from the a-region to the b-region is recorded as a solid black line in Fig. 3 . Using the results above, we can compare phase diagrams of monolayers and bilayers of the same ternary lipid mixtures. Phase diagrams of giant unilamellar vesicles are taken from Keller (2002, 2003) for DOPC/DPPC/Chol, and from a manuscript in preparation for POPC/PSM/Chol.
A large difference between the bilayer and monolayer systems is the boundary of the region of two liquid phases. For vesicles, coexisting micron-scale liquid domains are seen only within the shaded region in Fig. 3 . In contrast, for monolayers, micron-scale liquid phases are seen at all compositions studied, including along the binary axis of unsaturated lipid (e.g., DOPC) and cholesterol. The vesicle phase coexistence boundary at 25°C spans both the a-region and the b-region in the monolayer phase diagram, yet within the a-region domains are observed only at low pressures, far below 32 mN/m. As a specific example, the composition 1:1:1 DOPC/DPPC/Chol lies directly in the center of Fig. 3 A. In vesicles, this mixture produces micron-scale liquid domains at room temperature (Veatch and Keller, 2003) . In monolayers this particular mixture produces liquid domains only up to ;11 mN/m.
A second distinction between the vesicle and monolayer systems lies in domain ripening. In vesicles, domains typically collide and coalesce into one bright domain and one dark domain over the course of minutes. In contrast, in monolayers there is a distribution of domain sizes, and domains rarely coalesce unless the monolayer is close to a critical point, where the difference in dipole density between phases becomes small (Keller and McConnell, 1999) . Monolayer domains remain dispersed even if the monolayers are assembled into a supported bilayer (Stottrup et al., 2004) . For the FIGURE 2 Monolayer miscibility phase diagrams for ternary mixtures of (A) DOPC/DPPC/Chol and (B) POPC/PSM/Chol. In both cases, two different regions of immiscible liquid phases are observed at low surface pressure, the a-region at low cholesterol (solid circles) and the b-region at high cholesterol (open circles). Transition pressures in the a-region are recorded in color with a polynomial fit between data points, and are highest near equimolar ratios of DOPC to PSM. Transition pressures in the b-region are greater than in the a-region, often well above 15 mN/m. Comparison of miscibility phase behavior in monolayers and bilayers of ternary mixtures of (A) DOPC/DPPC/Chol and (B) POPC/PSM/ Chol. Change of contrast from bright domains on a dark background to the opposite occurs in monolayers at an air-water interface (dotted black line) and in giant unilamellar vesicle bilayers (dotted white line). In monolayers, the transition from the a-region to the b-region is denoted by a solid black line. In giant unilamellar vesicles, the region in which coexisting liquid phases are observed is denoted by shading. Although these boundaries coincide for some compositions (where the two dotted lines cross and where the black line intersects the shaded region), the agreement is not general for all compositions.
domains shown in Fig. 1 to grow considerably, domains must be gathered under electric field gradients (Lee et al., 1994) , or maintained for extremely long periods (Hu et al., 2003) .
A third point to discuss is the ratio of bright to dark domains seen in fluorescence micrographs. In our previous work using GUVs, we made a qualitative argument that if only two liquid phases are present, then the two ends of a tie-line fall at the compositions of vesicles with the most bright or dark phases, respectively (Veatch and Keller, 2003) . We concluded that the tie lines in the DOPC/DPPC/ Chol system run across the phase diagram at a shallow slope, and we supported this argument with subsequent quantitative measurements .
Applying the same qualitative reasoning to our monolayer phase diagram of the same DOPC/DPPC/Chol system, we notice the most-bright phase appears in monolayers rich in DOPC, at the lower left of the phase diagram in Fig. 3 B. The amount of dark phase increases mildly by traveling to the right, toward more DPPC, and strongly by traveling upward, toward more cholesterol. The change of contrast is recorded as a dotted black line in Fig. 3 . The most-dark phase is found when both DPPC and cholesterol fractions are high. Given the phase diagrams in Fig. 3 B, tie-lines in this monolayer system likely run toward higher cholesterol.
Monolayer pressure-area isotherms
An advantage of studying lipid monolayers is the ability to access a wide range of molecular areas. Pressure-area isotherms for monolayers of our ternary lipid compositions appear in Fig. 4 . Monolayers containing more saturated acyl chains have smaller molecular area and compressibility (Fig.  4, B and D, versus Fig. 4, A and C) , as expected from other systems (Smaby et al., 1996) . Similarly, monolayers containing more cholesterol have smaller molecular areas and compressibility, as expected (Smaby et al., 1997) .
In general, we find smaller molecular areas in monolayers containing PSM and POPC than in monolayers containing DPPC and DOPC. This is expected for two reasons. Monolayers of PSM and cholesterol have lower molecular areas FIGURE 4 (A-D) Pressure-area isotherms of monolayers of 1:1 DOPC/DPPC, 1:9 DOPC/DPPC, 1:1 POPC/PSM, and 1:9 POPC/PSM with varying amounts of cholesterol. Monolayers contain 15% Chol (-), 20% Chol (-s-), 25% Chol (-n-), 30% Chol (-n-), 35% Chol (----), 40% Chol (-3-), 45% Chol (--), 50% Chol (-d-), 55% Chol (-h-), 60% Chol (--), 65% Chol (-:-), and 70% Chol (-). than monolayers of DPPC and cholesterol (Lund-Katz et al., 1988) . In addition, the saturated and unsaturated chains of POPC require less area than the two unsaturated chains of DOPC (Smaby et al., 1996) .
Deviations from ideal mixing have long been observed in molecular areas of monolayers containing phospholipids and cholesterol (Smaby et al., 1994) . A similar area condensation is observed in our ternary mixtures of lipids and cholesterol (Fig. 4, I-L) . Molecular area decreases monotonically with increasing cholesterol, within our measurement errors.
Effects of oxidation on lipid monolayers
It is well known that exposure of unsaturated lipids to air and ozone can result in changes in surface pressure and miscibility transition pressures in lipid monolayers (Benvegnu and McConnell, 1993; Lai et al., 1994) . In previous experiments, we mitigated these changes by completing experiments quickly (Veatch and Keller, 2002) . A superior technique is to conduct experiments under argon (Abousalham et al., 2000; Hagen and McConnell, 1997) . Here we use a raftforming lipid composition containing unsaturated lipids used by Crane and Tamm (2004) to compare lipid miscibility of a monolayer formed and maintained under argon to the same monolayer exposed to air. The results in Fig. 5 are striking. Under argon, the monolayer of 1:1 brain PC/brain SM and 25% cholesterol has a low miscibility transition pressure at 5 mN/m. At 32 mN/m, the monolayer is in one uniform phase. In contrast, when the monolayer is exposed to air for less than an hour, the miscibility transition rises so that the same monolayer composition exhibits coexisting liquid phases at 32 mN/m. We have observed increases in the miscibility transition for a variety of monolayers containing unsaturated lipids (Stottrup et al., 2004) .
Exposure to air can drastically change not only miscibility transitions, but also surface pressures. Fig. 6 shows surface pressures for monolayers of pure DOPC either exposed to air immediately, or maintained under argon for 1 h before exposure to air. The monolayer was not illuminated, thus eliminating photo-oxidation. Upon exposure to air, surface pressure decreases rapidly. This change in monolayer pressure may be a result of cleaved tails submerging into the subphase (Abousalham et al., 2000; Lai et al., 1994 ). In contrast, the surface pressure of monolayers maintained under argon is stable to 60.5 mN/m over 1 h.
DISCUSSION
Sphingomyelin
In the results above, we have mapped miscibility transitions in monolayers of ternary lipid mixtures. Each of the lipids of our first mixture, DOPC/DPPC/Chol, is well studied and can easily be acquired at high purity. The lipids of our second mixture, POPC/PSM/Chol, are more commonly found in biological membranes. In plasma membranes, sphingomyelin is a major lipid (Barenholz and Thompson, 1980) , and phosphatidylcholines (PCs) with asymmetric chains appear more frequently than with symmetric chains (Smaby et al., 1996) . Sphingomyelin and cholesterol are colocalized in cell plasma membranes (Lange et al., 1989) .
Sphingomyelin is thought to interact more strongly with cholesterol than phosphatidylcholine lipids, based on measurements of high monolayer area condensation, slow cholesterol desorption from bilayers (Lund-Katz et al., 1988) , and low bilayer permeability (Barenholz and Thompson, 1980) . In many cases, properties attributed to sphingomyelins may simply be due to chain length and unsaturation. Sphingomyelins extracted from natural sources have more saturation and higher melting temperatures than their phosphatidylcholine counterparts (Barenholz and Thompson, 1980) . For example, recent work has concluded that sphingomyelin confers a high area condensation on mono- layers because its acyl chains tend to be long and saturated (McIntosh et al., 1992; Smaby et al., 1994) . Compressibility moduli for mixtures of sphingomyelin and cholesterol are comparably high for mixtures of saturated phosphatidylcholines and cholesterol (McIntosh et al., 1992) . When comparing sphingomyelin and phosphatidylcholine lipids, important physical parameters to consider are the gelmelting temperature in bilayers and the liquid-expanded to liquid-condensed transition in monolayers (Smaby et al., 1994) . In monolayers, PSM has a liquid-expanded to liquidcondensed transition at 19 mN/m, whereas DPPC has a lower transition, at only 9 mN/m (Lund- Katz et al., 1988) .
Cholesterol may interact more strongly with sphingolipids than phosphatidylcholine lipids through hydrogen bonding. It has long been known that sphingomyelin has the capability to hydrogen-bond with the 3-OH group of cholesterol (Barenholz and Thompson, 1980) . Experiments probing this hydrogen bond through the exchange of cholesterol between vesicles and the condensation of monolayers have shown that the sphingomyelin-cholesterol interaction does not depend on sphingomyelin's hydroxyl group at C-3 (Grönberg et al., 1991; Kan et al., 1991) . However, sphingomyelin's amine group may be important. Without the amine, oxidation of monolayer cholesterol proceeds faster, although monolayer condensation is not significantly altered (Bittman et al., 1994) , and vesicle chemical shifts give no evidence of strong hydrogen bonding between cholesterol and the amide group of sphingomyelin (Guo et al., 2002) . The amine group's influence on the sphingomyelin molecule may also be through increasing the rotational barrier of the acyl chain (Bittman et al., 1994) .
In our work above, we find only subtle differences in the monolayer phase behavior between the systems of DOPC/ DPPC/Chol and POPC/PSM/Chol. Both systems exhibit two different regions of coexisting liquid phases at low surface pressures. The miscibility behavior gives no compelling evidence for a strong sphingomyelin-cholesterol interaction.
The molecular areas we measure are reasonable given areas previously measured for binary mixtures of cholesterol and lipids (Lund-Katz et al., 1988; Smaby et al., 1994) . At 30 mN/m, mixtures of 50 mol % cholesterol with DOPC, DPPC, POPC, and PSM show an area condensation and yield molecular areas of 40-49 Å 2 , 40-45 Å 2 , 42 Å 2 , and 40.5 Å 2 , respectively. If these cholesterol-condensed monolayers added ideally, we would expect the molecular area of 1:1 DPPC/DOPC 1 50% Chol to be 40-47 Å 2 , and we measure 44 Å 2 . Similarly, we would expect the molecular area of 1:1 POPC/PSM 1 50% Chol to be 41 Å 2 , and we measure 40 Å 2 .
Monolayers versus bilayers
We have mapped monolayer phase diagrams to search for correlations in miscibility behavior between monolayers and bilayers. In our monolayers containing a saturated lipid (DPPC or PSM), an unsaturated lipid (DOPC or POPC), and cholesterol, two distinct regions of immiscible liquid phases are observed-the a-region and the b-region. In the a-region, coexisting domains are observed at surface pressures below 15 mN/m (Fig. 2) , far below the equivalent bilayer pressure of 32 mN/m. A more appropriate unit of comparison between monolayer and bilayer systems may be molecular area. The average lipid area in an erythrocyte membrane or in a phospholipid bilayer is ;40 Å 2 or ;60 Å 2 , respectively (Marsh, 1990; van Deenen and De Gier, 1974) . For the isotherms in Fig. 4 , all of the miscibility transitions from Fig. 2 indeed fall at molecular areas below 60 Å 2 , with the exception of 1:9 DOPC/DPPC 1 20 mol % cholesterol. However, we do not expect such good agreement for compositions containing low concentrations of cholesterol and high concentrations of unsaturated lipid, which should have high molecular areas and low miscibility transition pressures.
Is there any general method of comparing phase diagrams of monolayers and bilayers? A proposal of how to do so was proposed by Harden McConnell (personal communication). In the monolayer phase diagram of DMPS/GM1/DChol, a solid phase appears at low cholesterol and high pressure. With increasing cholesterol, the solid phase is replaced by two liquid phases and then one uniform liquid phase (Radhakrishnan and McConnell, 2002) . The high pressure boundary of this two-phase region occurs at the same cholesterol composition as the low pressure transition between the a-region and the b-region.
Monolayer phase diagrams are plotted as lipid composition versus surface pressure whereas bilayer diagrams are plotted versus temperature. Solid phases appear high on the pressure axis for monolayers and low on the temperature axis for bilayers, so it may be possible to translate from a monolayer phase diagram to a bilayer by inverting the pressure axis into temperature. Inverting the phase diagram of Radhakrishnan and McConnell, we would expect that bilayers at low temperature would contain a solid phase at low cholesterol. With increasing cholesterol, we would expect the solid phase to be replaced by first a solid-liquid coexistence, followed by two liquid phases, and then one uniform phase. This is exactly what we have observed in GUVs containing ternary mixtures of lipids and cholesterol (Veatch and Keller, 2002) .
If the bilayer phase diagram is produced by a simple inversion of the monolayer phase diagram then we expect to find the same lipid composition at both the miscibility phase boundary in the bilayer and the transition between the a-region and b-region in the monolayer. We found rough preliminary evidence for this correlation in mixtures of 1:1 DOPC/DPPC with varying cholesterol (Veatch and Keller, 2002) . However, the full phase diagrams presented here show that there is no general correlation between the miscibility phase boundary in the vesicle bilayer and the transition between the a-and b-regions in the monolayer (Fig. 3, solid lines) . Therefore, studies which determine the contrast inversion or percolation threshold in supported monolayers (e.g., Crane and Tamm, 2004) may not be relevant to bilayer systems of the same lipids.
In monolayers, even binary mixtures of lipids and cholesterol can produce two distinct regions of coexisting liquid phases (a-region and b-region). This phase behavior has been explained by hypothesizing a condensed complex of lipid and cholesterol at a stoichiometry near the transition between the a-and b-regions. Previously, a minimum or a sharp change in slope has been observed in the monolayer area per molecule at the stoichiometry of the complex (Radhakrishnan and McConnell, 1999) . However, we find no striking change of slope for our monolayer areas. No abrupt decreases are discernible from a smooth area condensation curve, given the measurement uncertainties in Fig. 4 .
An obvious difference between monolayer and bilayer systems lies in the interactions of the lipid tails. Other researchers have attempted to mitigate this difference by placing monolayers at an oil-water interface rather than an air-water interface (Mingins et al., 1982) . Electrostatics also contribute to differences in phase behavior between monolayers and bilayers. A competition between lipid dipole density and domain line tension has been utilized to derive monolayer domain sizes (McConnell and De Koker, 1992; McConnell and Moy, 1988) . Charged dye can undergo contrast inversion with increasing monolayer surface pressure (Okonogi and McConnell, 2004) . When the charged lipid PS is incorporated into monolayers of the ganglioside GM 1 and cholesterol, novel liquid phases are observed at high surface pressure (Radhakrishnan and McConnell, 2002) .
Finally, given the frequent use of supported monolayers, it is important to comment on oxidation. For monolayers containing unsaturated lipids, brief exposure to air can easily increase the miscibility transition pressure above 32 mN/m. For example, we find that a monolayer of 1:1 brain PC/brain sphingomyelin (SM) and 25% cholesterol has a low miscibility transition pressure when maintained under argon, which rises above 32 mN/m in less than an hour upon exposure to air. Our results suggest that the supported monolayers studied by Crane and Tamm (2004) may have harbored some oxidized lipids. Comparing fluorescence micrographs, it is likely that their brain PC/brain SM mixtures containing 5-35 mol % cholesterol were in the aregion in monolayers before deposition.
Oxidation of unsaturated lipids has been documented in a Langmuir monolayer exposed to 0.3 ppm ozone (Lai et al., 1994) . Ozone levels measured in our lab range from 0.01 to 0.04 ppm, which compare well with other local measurements (Puget Sound Clean Air Agency, 2004; http:// www.pscleanair.org/airq/datareq.aspx). Ozone is likely partially responsible for the alteration of our lipid monolayer upon exposure to air. For experiments utilizing unsaturated lipids, we recommend maintaining the lipids and Langmuir trough under argon or nitrogen.
CONCLUSION
Monolayers containing ternary mixtures of DOPC/DPPC/ Chol and POPC/PSM/Chol have similar miscibility phase behavior. Results presented here are consistent with previous work showing monolayers containing more cholesterol and saturated lipid have smaller molecular areas and compressibility. Finally, the exposure of monolayers containing unsaturated lipids to air has dramatic effects on miscibility transition pressures; one explanation for this is a change in monolayer composition. Although lipid monolayers provide an excellent system for the study of lipid packing, our results show large differences in the miscibility phase behavior, particularly in the composition of the phase boundary, between monolayer and bilayer systems. Understanding these differences is important in comparing monolayer, supported bilayer, and vesicle systems.
